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Abstract

3

Cases and containers made of aluminum or steel are used to protect explosive
components.  It is possible in an accident that the cases and containers could
contact parts of an ac power system.  If such contact occurred, tens of
kiloamperes of current might flow for tens to hundreds of milliseconds.  This
report shows that currents in the 20-to-40 kiloampere range lasting for tens to
hundreds of milliseconds burned through both aluminum and steel with
thickness up to 13 mm.  Analyses of arc-to-metal heat transfer and experimental
results are given.
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Nomenclature

DoD U.S. Department of Defense
DOE U.S. Department of Energy
VNIIEF Russian Federal Nuclear Institute for Experimental Physics
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1. Summary

Cases and containers made from aluminum or steel are used to contain and protect
explosive components.  Various alloys and wall thicknesses up to at least 12.7 mm
(one-half inch) are in use.  

Electric power lines and other electric power equipment such as transformers and
switch gear are located along transportation routes, at manufacturing and mainte-
nance sites, and at various sites controlled by the U.S. Department of Energy (DOE) or
the U.S. Department of Defense (DoD).  In an accident, a case or container might be
exposed to a power line or some other part of a power system.  Loescher and Duran
(1997) discussed electric power challenges to explosive safety.  Their report points out
that currents of tens of kiloamperes might flow for tens to hundreds of milliseconds
between power sources and cases or containers.  

Analyses and experiments were conducted to investigate ac current burn-through of
13-mm-thick aluminum and steel.  Much of the work was done in cooperation with
researchers at the Russian Federal Nuclear Institute for Experimental Physics (the
Russian name leads to the acronym VNIIEF).  Cooperation with VNIEEF provided
access to special expertise and needed equipment.  The analyses showed that impor-
tant phenomena include arc stability, arc heating, and magnetic pressure.  Six high-
current burn-through-of-aluminum experiments and six high-current burn-through-
of-steel experiments were conducted.  Burn-through of 13-mm-thick aluminum was
observed after 52 milliseconds, when the current was 19.4 kA.  Burn-through of steel
was observed after 125 milliseconds, when the current was 36.9 kA.  

This report includes, in appendices A, B, and C, three reports submitted by VNIIEF.

7



8



2. Introduction

Aluminum and steel with thickness up to 13 mm are used by DOE as barriers to pro-
tect explosive components from unintended energy.  Shipping containers and ord-
nance cases are examples of such barriers.  As the result of an accident, a metallic bar-
rier could contact electrical power conductors.  Electric power challenges to nuclear
explosive safety were discussed by Loescher and Duran (1997).  They reported that
fault currents of tens of kiloamperes could be available at the low-voltage side of sec-
ondary distribution transformers.  When they wrote their report, they did not have
data on the damage that such large currents could do to metallic barriers.  This report
provides information on the damage that could result from arcing between a source of
high current and a metallic barrier. 

Section 3 provides information on power systems and on the possibility of contact
between ac power apparatus and cases or containers.  Section 4, Cooperative Program
with VNIIEF, describes work done under contract by VNIIEF.  Researchers at VNIIEF
submitted three reports (Appendices A, B, and C).  The section provides a guide to the
contents of these reports.  The final two sections of this report discusses the results
obtained and conclusions.  

The author was the technical advisor for the contract placed with VNIIEF.  Much of
the work described in this report was done at VNIIEF.  This report was written to
ensure that a record of the work done at VNIIEF would be available in the library at
Sandia National Laboratories.
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3. Background

Many DOE explosive components have outer metal cases, and many are shipped and
stored in metal containers.  For most cases and containers, the metal is either alu-
minum or steel, and the wall thickness is less than 13 mm.  Cases and containers do
not normally come in contact with sources of electric current.  However, contact
might occur as the result of an accident. 

An electric power system can be partitioned into facilities and equipment that have
the principal functions of generation, transmission, sub-transmission, primary distri-
bution, secondary distribution, and usage (Figure 1).  

Figure 1.  Partitioning of power systems.

Accidental contact between a DOE case or container and electric energy at a power-
generation site is extremely unlikely because these DOE items are not transported
through such sites. 

Electric energy is most often transmitted from a generation facility at high voltages;
the most common voltages are greater than 100 kV.  For example, electric power is
brought into the Albuquerque area at 115 kV and 345 kV.  High-voltage lines are
strung from tall towers or frames that are placed well away from the edges of roads.
The frames used to transport power onto Kirtland Air Force Base at 345 kV are shown
in Figure 2.  Wherever possible, the DOE uses transport routes that follow interstate
highways.  Most high-voltage power lines are routed perpendicular to or well away
from such highways.  Even if a power line were to fall, the walls of transport vehicles
would isolate cases and containers from electric power.  For these reasons, accidental
contact with high-voltage power lines because of  a motor vehicle accident is unlikely.
Contact might occur as the result of an aircraft accident because such accidents are
most likely during take off or landing and because there can be power lines near the
ends of runways. 
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Figure 2.  High-voltage transmission lines on Kirtland Air Force Base.

High voltages used for transmission of electric power are stepped down to lower distri-
bution level voltages at substations.  Distribution level voltages range from a few kilo-
volts to a few tens of kilovolts.  The level of 12,470 V is used extensively within
Sandia National Laboratories sites, on Kirtland Air Force Base, and at the DOE Pantex
plant.  The level of 4600 V is common in older systems.  Distribution wiring may be
placed on single poles that are located close to the edge of roads.  This is shown in
Figure 3.  It is credible that a vehicle transporting cases or containers could slide into
a power pole located only a few feet from the edge of pavement.  

12



Figure 3.  Distribution-level power lines on Kirtland Air Force Base.

Distribution wiring on industrial and military sites often connects to transformers that
step the voltage down to 480 V.  Such transformers are used to supply power to indus-
trial and commercial buildings.  On a military base, such transformers might be used
to supply power to offices, maintenance buildings, shopping centers, or fast food
restaurants.  Along transportation routes, one might be found at a truck-refueling
plaza.  The transformers are commonly located outside of buildings, but close to
them.  When in cabinets, such transformers are not considered a significant threat to
public safety, and therefore, they are usually not placed behind fences or other barri-
cades.  Two cabinets that contain such transformers and two that contain switches are
shown in Figure 4; the cabinets are located at Sandia National Laboratories just west
of Building 836.  Metal cabinets isolate the transformers from casual contact, but
could be torn open if hit by a truck.
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Figure 4.  Cabinets for 480-V service transformers.

The principal threat from 480-V service transformers is the high current available to a
short circuit across the output terminals.  Representative values are shown in Table 1.
These currents are up to two hundred times the currents used to arc weld 13-mm-
thick aluminum or steel.  Table 1 shows the current that could flow if the short circuit
were at the output terminals of the transformer, and it shows the current that could
flow if the short circuit were 100 feet away from these terminals.  The assumed size of
the wire between the transformer and the 100-foot distant short is shown in the table.
Contact at a transformer could occur if a protective cabinet were torn open during an
accident.  Contact some distance from a transformer could occur if high-current
wiring became exposed during an accident.  

Loescher and Duran (1997) explain that circuit breakers and other protective equip-
ment are designed to clear faults in tens of milliseconds to a few hundred millisec-
onds.  The exact time depends on the fault current and design of the circuit breaker.
They point out that power might be reconnected to a fault one or more times
through the action of re-closers.  (A re-closer reconnects power to a circuit after a
specified interval.  They are used in power systems because some faults, such as those
caused by wind-blown tree limbs, clear themselves).
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Table 1.  Short-circuit currents for 480-V transformers 
(from Loescher and Duran 1977, Table 2).

The brief examination of power systems has shown that currents of tens of kiloam-
peres could be available for tens to hundred of milliseconds at or near the output ter-
minals of 480-V transformers.  It was also shown that such transformers are relatively
common and not always protected against vehicle impact. 

Contact between a case or container and a source of power could be direct metal-to-
metal contact or arcing contact.  More damage is expected from arcing contact
because a high-current electric arc is a source of  large amounts of heat.  The voltage
drop across an arc is approximately independent of the current.  A reasonable initial
estimate of the voltage is 100 V.  Lower voltage drop and, therefore, less power and
less heat flux are expected at a metal-to-metal contact. 

The damage that a high current arc might do can be estimated.  Welding engineers
estimate that 10% to 20% of the power in an arc is transferred to the metal to be
welded.  Make the following assumptions: the current is 20 kA, the voltage drop is
100 V, 10% of the power is transferred as heat flux, and the material is aluminum.  For
these assumptions, the heat flux is 200 kilowatts.  The specific heat of aluminum is
about 900 joules per kilogram-degree centigrade, and the melting temperature is about
500˚C.  The exact value of the specific heat depends on the temperature, and the
exact melting temperature depends on the alloy.  Exact values are not needed for this
discussion.  For the values given, approximately 400 grams (a little less than one
pound) of aluminum would be melted in 1 second.  A 2-inch-diameter by 0.5-inch-
thick plug of aluminum weighs about 36 grams.  The assumed heat flux would pro-
vide the energy required to melt this amount of aluminum in less than 100 millisec-
onds.  

The energy-balance calculations show that there might be enough energy for burn-
through.  They provide no insight into the geometric and other conditions for which
it would occur.  The author knows of no published information, other than this
report, on arcs and burn-through that applies to the conditions of interest. 
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Transformer Rating
(Number and size of copper wires

between transformer and fault)
Distance to Fault Fault Current

225 kVA rms
(1 @ 0.5 inch diam.)

0 (at transformer)
100 ft

7.5 kA rms
6.6 kA rms

750 kVA rms
(2 @ 0.5 inch diam.)

0 (at transformer)
100 ft

20.5 kA rms
17.5 kA rms

1.5 MVA rms
(2 @ 0.71 inch diam.)

0 (at transformer)
100 ft

40.0 kA rms
31.6 kA rms



Before a study of burn-through could be conducted, the importance of case or con-
tainer contents had to be determined.  Dean Dobranich of the Fluid and Thermal
Analysis Department (Dobranich 1996) provided essential judgement.  He pointed out
that because the time of heating would be at most a few hundred milliseconds, there
would be very little heat transfer between the metal walls of a case or container and
its contents right up to the time of burn-through.  His judgement was confirmed by
results, reported later in this report, from experiments on hollow cylinders that simu-
lated cases or containers.  
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4. Cooperative Program with VNIIEF

Although there was interest in environments that could challenge the safety of cases
and containers, there was no funding to do a burn-through study at Sandia, or to pay
for tests at a domestic test facility.  Staff at one facility estimated that testing would
cost at least $5,000 per day.  Furthermore, they pointed out that work on burn-
through would be different from the work usually done at the facility and, therefore,
might be much more expensive.  Along with the lack of money, there was was a lack
of experience with electric arcs.  The author did not have the technical knowledge
required to plan and conduct burn-through tests.  

While looking for away to proceed, the author mentioned his needs to a program
manager for cooperative programs between the United States and Russia.  The U.S.
Congress had set aside money for cooperative programs between DOE laboratories and
Russian nuclear laboratories.  The program manager introduced the author to two
researchers at VNIIEF, Dr. Boris Skripnik, the senior member of the team, and Dr.
Nicolai Prudkoi, who were interested in the work and who had experience with elec-
tric arcs.  These researchers also had access to test equipment located at the All Russia
Electrotechnical Institute.  After discussions with Skripnik and Prudkoi and after
obtaining a commitment of financial support, the author submitted a Request-for-
Quote to VNIIEF.  After some negotiation, a contract was placed for a study of burn-
through.  Drawings and visual aids were submitted for classification review and were
approved as unclassified before they were presented to the Russian team. The author
learned that all material provided by the Russian team underwent an equally rigorous
classification review by authorities at VNIIEF.  

The work was divided into five tasks.  Task 1 was to provide a detailed plan for analy-
ses and experiments.  Task 2 was divided into Subtasks 2A and 2B.  Subtask 2A,
required that the researchers assemble and report information that was needed to
design experiments.  Subtask 2B required that the researchers investigate and report
on the relation between damage and parameters such as electric current and electrode-
to-cylinder spacing.  Task 3 was to conduct experiments, and Task 4 was to compare
results with expectations derived in Task 2.  Task 5 was to prepare and deliver a final
report. 

In accordance with the provisions of the contract, Skripnik and Prudkoi prepared
three reports.  The first two reports were required by Subtasks 2A and 2B, and the
third and final report was required by Task 5.  The contents of these reports, which are
reproduced in Appendices A, B, and C, respectively, are discussed below.
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Subtask 2A Report (Appendix A)

A copy of the report submitted to complete this subtask is contained in Appendix A.
The report addresses four principal topics: arc stability, current source, temperature
measurement, and design of experimental fixtures.  

Section 1 of the report addresses the stability of arcs between 20-mm-diameter copper
electrodes and cylinders of aluminum or steel.  The diameter of the copper electrode
was chosen to approximate the diameter of electrical connections on transformers.
Skripnik and Prudkoi calculated that for a current of 30 kiloamperes and a time of 0.3
second, the end of the electrode would recede by 23 mm.  If the electrode nearly
touched the cylinder at the beginning of the arc event, the total arc length would be
about 36 mm if burn-through occurred near the end of the interval.  The value of 36
mm is the sum of the distance that the end of the electrode would move away from
the surface, 23 mm, and the thickness of the metal removed, 13 mm.  They concluded
that an arc of this length would not be stable; that is, it would move away from the
initial strike point.  In fact, they concluded it would move until the arc length
became so long that the arc would extinguish.  The author does not know enough
about the behavior of arcs to comment on the correctness of the analyses done by
Skripnik and Prudkoi.  The analyses led to an experimental design, described in
Section 4 of their report, that produced stable arcs.  

Sections 2 and 3 of the Subtask 2A Report describe work done to select a source of ac
impulse current and the method used to measure temperature.  Section 4 describes
the experimental fixture designed to assure a stable arc attachment point.  

Subtask 2B Report  (Appendix B)

In the Subtask 2B Report, Skripnik and Prudkoi show that an arc to a flat plate is a
good approximation to an arc to a cylinder with an outer diameter of 30 cm and 
13-mm-thick walls.  This obtains because the estimated lateral dimensions of arcs and
the thickness are small compared to the diameter. 

They show that heat input from the arc will be much greater than heat input from
resistive losses in the metal.  They introduce a way to treat the arc as a heat source.  In
particular, they assert from references in Russian publications that the radius of the
arc will be approximately proportional to the square root of the current (Equation 2.8
in the Subtask 2B Report).  This result is equivalent to stating that the current density
is approximately constant in arcs between a given anode and a given cathode.  In 
Equation 2.9 of the report, they provide values for the constant of proportionality.1
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They further assert that the heat flux from the arc will be proportional to the area of
the arc, and they provide values for the constant of proportionality between heat flux
and arc area (Equation 2.11 in Subtask 2B Report).2 The assertion that the arc area is
proportional to the current and the assertion that heat flux is proportional to arc area
combine to an assertion that heat flux is proportional to arc current.  

If the equations and constants of proportionality for arc area and heat flux per unit
area are combined, one obtains q+ equal to 8 watts per ampere and q- equal to 11
watts per ampere.  The quantities q+ and q- are defined on page 7 of the report.  These
are close to the result of 10 watts per ampere obtained for assumptions that the arc
voltage drop is 100 V and that 10% of the arc power goes into heating metal.  The
agreement does not mean either is correct, but it does increase confidence.  The calcu-
lation results in q+ smaller than q-,which is inconsistent with the information given in
Equation 2.11 of the report.  It is also inconsistent with information from a welding
engineer (Knorovsky 2001), who reported that greatest heating occurs when metal
being welded is at positive potential with respect to the welding electrode.  The
author does not have an explanation for the discrepancy but thinks it possible that
the values listed for k+ and k- in Equation 2.9 were reversed.  In any case, it is expected
that the most heat will be deposited when the cylinder is at positive potential with
respect to the copper electrode.  

In Section 3 of the Subtask 2B Report, they examine one-dimensional and three-
dimensional solutions for arc-to-plate heat transfer.  They show close agreement
between results from the two methods. 

In Section 4 of the Subtask 2B report, they present a thermal model that includes loss
of material as the arc burns through the plate.  They state early in this section that
loss of material will be driven by strong electrodynamic forces.  They use the model to
calculate times of burn-through for a range of assumptions on the melt temperature
and temperature at which the metal is removed.  Results are given in Table 4.2 of their
report (see Appendix B, Table 4.2).3 They also used the model to calculate the temper-
ature profiles shown in Figure 4.1 of their report.  Figure 5 is a copy of this figure.  It
is seen in Figure 5 that their model predicts steep temperature profiles.  For example,
the model predicts that the metal only 2-mm behind the arc front will be only slight-
ly above the initial temperature.  This same prediction is shown in a different way in
Figure 6, which is a copy of Figure 4.2 from the report.  It is seen in Figure 6 that the
temperature at the back surface of the plate remains almost constant until the arc
front reaches the back surface. 
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Figure 5.  Predicted temperature profiles. 

Figure 6.  Time versus temperature at the back surface of the plate.



Section 5 of the report is difficult to understand.  It addresses the effect of electrode-
to-arc attachment point spacing on burn-through and the effect of current amplitude
on time to burn-through.  Skripnik and Prudkoi estimate that during most of a high-
current burn-through event, the electrode-to-surface spacing will be greater than the
spacing that would produce the fastest burn-through.  They refer to Russian references
to support their conclusions.  The author was not able to confirm their conclusions.
In this section, they also assert that the time to burn-through will be independent of
current.  They base their assertion on information in Russian language publications.
The author was not able to confirm their assertion.

Final Report  (Appendix C)

The final report supplied by Skripnik and Prudkoi contains information on the experi-
ments that were conducted, results from the experiments, a discussion of heat trans-
fer, and a comparison of results from the experiments with expectations derived from
the analyses.  

The arrangement of a copper electrode, a metal cylinder, and the power supply buses
is shown in Figure 7, which is a duplicate of part of Figure 1.1 in the Final Report.
Photographs of the arrangement are given in Figures 1.2 and 1.3 of the Final Report.
The arrangement provided stable arc attachment points.  The set up was designed so
that a metal cylinder could be used for more than one test.  Multiple use is seen in
Figure 1.3 of the Final Report.  

Figure 7.  The test fixture, the test object, and electrical connections are shown.
Designations: (1) test cylinder, (2) initial arc-to-cylinder spacing, (3&4) return 
circuit conductors, (5) insulator, (6) electrode conductor.
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A photograph of the impulse generator at the All Russian Electrotechnical Institute is
shown in Figure 1.4 of the report.  The impulse generator consists of a motor, shown
in the lower left part of the photograph, and a generator.  The motor, although quite
large, takes a few minutes to get the generator up to speed.  When the generator is at
speed, a large amount of energy is stored as kinetic energy of rotation in the armature.
This stored energy is used to generate very large currents for fractions of a second.
Some energy is also stored in the armature of the motor, but most is stored in the
generator.  Information on the capability of the generator is contained in Section 2 of
the Subtask 2A Report.  Both the motor and the generator are quite large.  The author
does not have dimensions of the equipment, but remembers that the motor-to-gener-
ator drive shaft was about head height — about 180 cm above floor level.  The genera-
tor supplies current at 50 Hz.  This frequency is common to power generation in all of
Europe.  The difference between 50 Hz and 60 Hz, which is used throughout the
United States, is not important for the experiments.  A circuit schematic for the cur-
rent supply and monitoring is shown in Figure 1.5.  Instrumentation is discussed in
Sections 1.3 through 1.5 of the report.  The arrangement of the experiment in a test
bay is shown in Figure 1.10. 

Six high-current burn-through experiments were conducted on aluminum cylinders,
and six experiments were conducted on steel cylinders.  Details for each experiment,
along with results, are shown in Table 2.  This table is a slightly augmented version of
Table 2.1 in the Final Report.  The values of current and voltage in this table are peak
values. For each experiment, the Final Report contains time-amplitude records of cur-
rent and voltage, records of back surface temperatures, and photographs of the dam-
aged region.  The scale markers in the Final Report for the time-current traces (for
examples, see Figure 2.4) are easy to interpret because the symbols used to indicate
amperes, A, and seconds, s or S, are the same as are used in English.  However, on the
time-voltage traces, (for example see Figure 2.5), a symbol that looks like the letter B
written in Italics is used to indicate volts.  

The peak current was 18.5 kA in experiment 1, it was 11.3 kA in experiment 2, it was
19.4 kA in experiments 4, 5, and 6, and it was 36.9 kA in the rest of the experiments.
The intent was to test at two level of peak current.  The lower than intended level of
11.3 kA may have been the result of an incorrect setting of the controls on the
impulse generator.  The peak current values of 18.5 kA and 19.4 kA are essentially the
same; the difference arose from a variation in the operation of the generator.  
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Shot 
No.

14 Current
Peak kA

Arc
Voltage (V)

Time
(ms)

Damage Time to
Burn-

Through
(ms)

Crater: 40 mm diameter, 10.5 mm deep

Crater:  34mm diameter, 9 mm deep

Through hole:  57 mm top, 15 mm bottom

Through hole:  56 mm top, 38 mm bottom

Through hole:  55 mm top, 31 mm bottom

Through hole:  38 mm top, 13 mm bottom

Crater:  55.5 mm diameter, 12 mm deep

Through hole:  55 mm top, 25 mm bottom

Crater:  48 diameter, 12.5 mm deep

Through hole:  54 mm top, 8 mm bottom

Crater:  51 mm diameter, 12.5 mm deep

Through hole:  58 mm top, 10 mm bottom

Peak
T (˚C)
Inner

Surface

Post
Arc

Photo
(Final

Report)
1

2

3

4

5

6

7

8

9

10

11

12

Steel

Steel

Steel

Alum.

Alum.

Alum.

Alum.

Alum.

Alum.

Steel

Steel

Steel

18.5

11.3

36.9

19.4

19.4

19.4

36.9

36.9

36.9

36.9

36.9

36.9

81-96

N.M.*

N.M.

N.M.

70-90

55-85

85-95

85-100

85-85

115-165

100-135

90-145

170

200

200

200

150

100

  50

  70

  60

150

130

170

N.A. **

N.A.

130   10

52    1

79    1

89    1

N.A.

48    1

N.A.

126    1

N.A.

125    1+ -

+
 -

+ -

+ -

160

196

145

195

200

Fig. 2.7

Fig. 2.10

Fig. 2.3

Fig. 2.14

Fig. 2.2

Fig. 2.18

Fig. 2.22

Fig. 2.27

Fig. 2.30

Fig. 2.35

Fig. 2.38

Fig. 2.43

Fig. 2.46

*   N.M. means the value was not measured for the shot.

**  N.A. means that the column is not applicable for the shot.

+
 -

+
 -

+
 -

Table 2.  Data from experiments



Burn-through of 13-mm-thick aluminum4 was observed for peak currents of 19.4 kA
that lasted 100 milliseconds and for peak currents of 36.9 kA that lasted as long as 70
milliseconds.  It was not observed for currents of 36.4 kA that lasted for 
50 milliseconds or 60 milliseconds.  However, these durations produced craters that
almost penetrated the material.  The outer diameter of the crater or penetration was
in the range between 48 mm and 56 mm for all experiments except 6.  It is not
known why this experiment produced a crater with a diameter of only about 38 mm.
The peak arc voltages measured in the experiments were in the range from 55 V to
100 V.

Skripnik and Prudkoi provide temperature-time data for the experiments in which
burn-through did not occur.  Data were not available for the experiments in which
burn-through occurred because electrical noise from the arc was much larger than
thermocouple signals.  Temperature-time data were obtained in the two experiments
with aluminum cylinders.  The data for experiment 7 are given in Figure 2.26 of the
VNIEEF report and the data for experiment 9 are given in Figure 2.34.  The data in
these figures are reproduced below in Figures 8 and 9, respectively.  It is seen in
Figures 8 and 9 that the temperature directly behind the arc attachment point
reached, but did not exceed, 200˚C.  It is also seen that the temperatures measured 25
mm out from the attachment point did not exceed 80˚C.  
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Figure 8.  Back surface temperature-time data for aluminum cylinder, Shot 7.  
Conditions: 36.9-kA peak current, 50-milliseconds duration.  Refer to Figure 2.26
in Appendix C for explanation of the thermal couple locations and of the traces.   

Figure 9.  Back surface temperature-time data for aluminum cylinder, Shot 9. 
Conditions: 36.9-kA peak current, 60-milliseconds duration.  See Figure 2.34 in
Appendix C for explanation of the thermal couple locations and the traces.
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Burn-through of 13-mm-thick steel5 was observed for currents with peak amplitude of
36.9 kA and durations of 150 to 200 milliseconds.  Burn-through was not observed for
the following conditions: peak amplitude of 11.3 kA and duration of 200 millisec-
onds, peak amplitude of 18.5 kA and duration of 170 milliseconds, and peak ampli-
tude of 36.9 kA and duration of 130 milliseconds.  The holes had inner diameters
between 8 mm and 15 mm and outer diameters between 54 mm and 57 mm.  The
current with peak amplitude of 36.9 kA and duration of 130 milliseconds produced a
crater with a depth of 12.5 mm; that is, this combination of peak current and dura-
tion almost produced burn-through.  

Temperature-time data were obtained for steel cylinder experiments 1, 2, and 11.  The
data are shown in Figures 2.6, 2.9, and 2.42 in the VNIIEF report.  Peak back surfaces
temperatures of about 180˚C were recorded in experiments 1 and 2 and peak tempera-
ture of about 200˚C was recorded in experiment 11.  The highest temperature was
recorded in the experiment that produced the deepest crater.  Whereas, the highest
back surface temperature was recorded on the experiment that produced the deepest
crater, nearly the same peak temperatures were recorded in the other two experi-
ments.  There are not enough data to determine how the variables of arc current, arc
duration, and crater depth individually affect back surface temperature.  In all three of
the experiments for which there were data, the off axis temperatures were lower than
the on axis temperature.  Also, the off axis temperatures showed slower rates of rise.

Section 3 of the Final Report shows analyses of heating by high-current arcs.  The
model presented in this section is the same as the one presented in the Subtask 2B
report.  The model includes heat of fusion, but does not include heat of vaporization.
Heat of vaporization is not included in the model because it is assumed that molten
metal is removed by magnetic forces rather than by evaporation.  The finite difference
method shown as Equation 3.9 in the report was not verified.  The values for physical
properties of aluminum alloys given in Section 3.2 of the report are consistent with
values given elsewhere (Carslaw and Jaeger 1959).   

Skripnik and Prudkoi used the model to calculate times to burn-through for two
assumptions about heat of fusion and two assumptions about heat flux from the arc.
They assumed that the heat of fusion was either nil or 3.9E4 J/kg, and they assumed
that heat flux was either uniform across the arc or followed a Gaussian distribution.
A burn-through time of 116 milliseconds was calculated for uniform heating and heat
of fusion set to zero.  The value of 154 milliseconds was calculated for the same heat-
ing, but with heat of fusion set equal to 3.9E4 J/kg.  The values for a Gaussian distri-
bution of heat were 58 milliseconds and 77 milliseconds respectively.  These values
are compared with data from experiments below.  The model predicts very steep tem-
perature profiles behind the melt zone.  The profiles are consistent with those present-
ed in the Subtask 2B report.  
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Skripnik and Prudkoi also applied the model to the estimation of time to burn-
through of steel shells.  They obtained 420 milliseconds for uniform distribution of
heat, and 211 milliseconds for a Gaussian distribution of heat.  To obtain these results,
they assumed that the heat of fusion was zero.  Steep temperature profiles behind the
melt zone were also predicted for steel shells.  Calculated profiles are shown in Figures
3.9 and 3.10 of their report.  

In Section 4 of their report, Skripnik and Prudkoi observe that burn-through of both
aluminum and steel cylinders was achieved.  They further observe that the time to
burn-through did not have a strong dependence on the current.  The data for both
aluminum cylinders and steel cylinders show that burn-through time decreased by
less than a factor of two when current was doubled.  In fact, the shortest time to burn-
through of 52 milliseconds for 19.4 kA was nearly the same as the time of 48 millisec-
onds observed for burn-through with 36.9 kA.  They observe that the arc voltage was
in the 55 to 100 volt range for arcs to aluminum and in the 81 to 165 volt range for
arcs to steel.  They also observe that the arc voltage increased as the arc length
increased.  

They conclude that there is satisfactory agreement between estimated and measured
times to burn-through.  This conclusion is explored further in the next section.  
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5. Discussion

Burn-throughs of 13-mm-thick sections of aluminum and of steel were observed for
arc currents and arc durations that could occur in an accident.  The observations
imply that burn-through of thinner sections could occur for the same currents and
durations or, possibly, for smaller currents or shorter durations.  The data show that
time to burn-through decreased as current increased; this relation was expected.
However, the data do not support a simple reciprocal relation between current and
time.  That is, the data do not show that time to burn-through decreased by a factor
of 1.9 when the current was increased by a factor of 1.9.6 In fact, the time decreased
by less than a factor of 1.9 when the current was increased by this factor.   Data show
that the outer diameters of burn-through holes were larger for larger currents.  This
observation is consistent with the result that arc diameter increases with increasing
current that follows from the assumption that arc current density is approximately
constant for a specified electrode pair. 

The experiments did not explore the boundaries of arc stability.  The issue of arc sta-
bility is discussed in the Subtask 2A Report.  Concerns about stability led to the design
of the fixtures used for the tests.  Stable arcs were obtained with the fixtures.  It is not
known what variations in arc length, current return path, and other details would
have led to loss of stability.  The impulse generator was operated with an open circuit
voltage of at least 2 kV so that a stable arc would be initiated.  The minimum voltage
for initiation of stable arcs was not determined.  Skripnik and Prudkoi were interested
in exploring the limits of stability, but there was no funding for such work.

During an accident, the voltage available to initiate arcing might be much larger than
the nominal voltage because of inductive effects.  An arc could be initiated when a
conductor in contact with a metal shell pulls away from the shell.  If current were
flowing at the time of pull away, the voltage induced in circuit inductance could be
much larger than the nominal voltage.  Therefore, the use of 2 kV to initiate arcing in
the experiments does not mean that stable arcing could not occur at lower voltages.  

The thermal analyses done by Skripnik and Prudkoi, the photographs of craters and
nearby surfaces, and the thermocouple records lead to following description of burn-
through.  Heat from the arc melts a layer of metal.  There is pressure of the molten
metal from magnetic forces.  The pressure, which is greatest near the electrode, is in
the direction to push the molten metal into the still solid metal.  Because the pressure
is greatest near the center, molten metal moves out from the center and flows away
along the walls of a developing crater.  The magnetic pressures are very large because
the currents are very large.  Therefore, molten metal and heat are rapidly removed
from a developing crater.  The arc supplies heat to melt a film of metal, and the 
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molten metal is removed immediately.  Therefore, little heat is applied to the metal
behind the melt front. This expectation is consistent with all of the thermocouple
records.  The records for experiment 9 (Figure 2.34 in the Final Report) show that the
temperature directly behind the bottom of the crater did not reach 200˚C even
though the bottom of the crater came within one-half millimeter of the back surface.  

Some of the molten metal ended up just beyond the edges of the crater, and some was
sprayed quite far away.  Metal close to the edge of a crater is seen in Figure 2.3 of the
Final Report, and the spraying of metal can be deduced from comparison of Figures
1.2 and 2.3.  

The times for burn-through estimated from the models, particularly for burn-through
of steel, are longer than the measured times.  This result is surprising because one
might expect that processes not included in the simple models would reduce the
efficiency of heat transfer and metal removal.  To improve the agreement between
calculation and experiment, Skripnik and Prudkoi assumed for some calculations that
the heat of fusion was zero.  This assumption is not consistent with the presence of
re-solidified material outside of craters.  Such material is seen in post-exposure
photographs contained in the Final Report.  A more credible explanation for the
discrepancy between calculated and observed burn-through times is that their models
underestimated arc-to-melt-zone heat transfer. 
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6. Conclusions

Electric arc burn-through of 13-mm-thick aluminum and steel was demonstrated.
Experiments were conducted with 50 Hz ac arc currents with peak amplitudes
between 11.3 kA and 36.9 kA and with durations between 50 milliseconds and 200
milliseconds.  Burn-through of aluminum was observed after 52-millisecond exposure
to a 19.4 kA current.  Burn-through of steel was observed after 125-millisecond expo-
sure to a 36.9 kA current.  These current amplitudes and durations might occur in an
accident in which an aluminum or steel container contacted a distribution-voltage-to-
480-V step down transformer.  Burn-through of less than 13-mm-thick aluminum or
steel is certainly possible in such an accident.  

Two phenomena make primary contributions to burn-through.  Heat from the electric
arc melts metal.  Magnetic forces rapidly move molten metal away from the melt zone
and out of the growing crater.  A large amount of the heat deposited into the metal is
carried away by the molten metal.  Therefore, the metal near the crater does not get
very hot until burn-through occurs.  

The analyses, design and operation of fixtures and equipment, and reporting by
Skripnik and Prudkoi were all excellent.  Their willingness and ability to turn a request
for quote into a technical program and then execute the program were essential to
completion of the work described in this report.  
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